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Abstract
Solar Assisted Heat Pumps have the potential to provide low carbon heat for domestic hot water generation and low temperature heating.  They have advantages over conventional solar thermal systems because they can generate heating and hot water during periods of low or zero solar, whist still maintain the advantage of not needing to be connected to the gas grid. They are simple in nature and can be installed in a wide range of applications. They are also currently uncommon in the UK so a thorough understanding of the operating performance and characteristics is required. 

This is potentially an important energy technology that can be used to reduce heating energy consumption and reduce CO2 equivalent emissions in buildings. The paper describes the technology and presents an investigation in an office application. It describes an experimental investigation of solar assisted heat pumps which gives the relative performance compared to conventional methods.
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1.	Introduction

A Solar Assisted Heat Pump (SAHP) absorbs heat from the sun in a solar panel and rejects heat back into a heat exchanger in a vapour compression cycle. The roof mounted panels operate as evaporators containing the refrigerant working fluid. They are normally supplied as packaged systems resulting in low capital cost. The systems are simple to install and can be used in both domestic and commercial applications for a range of different load requirements. Packaged systems are available in a range of different sizes and configurations to suit the specific load requirements. Due to the flexibility and range of applications for SAHPs they could be used in a wide range of different building types. 
 
This research examines a system used to supply domestic hot water for a small office. The simplest form of the system was used including only one evaporator panel in the arrangement shown in Figure 1. The system was installed for the purposes of this research and was modified to include the instrumentation necessary to take measurements of the systems performance.

The systems are available as packaged units including the water cylinder and packaged compressor, expansion valve and controls mounted to the water cylinder casing. The units are supplied with the evaporator panels. The number of evaporator panels used per cylinder is optional however larger systems require more panels to increase the thermal capacity of the system. The installer would provide the interconnecting refrigerant piping and thermal insulation. The system comes pre-charged with R134a. The units have become commercially available in the last few years however there is little original research into the energy performance and current test standards are more suited to air source heat pumps. Research was conducted for a similar system in Spain (Fernandez-Seara, et al, 2012) however this did not cover the range of ambient temperature conditions experienced here in the UK. Therefore little other research was found for commercially available integrated SAHP systems of this style at the time of writing.           
The paper gives details of the equipment used and presents the results obtained from the experimental process. The results are analysed to show the operational performance of the system tested. The performance measurements are used to estimate a likely seasonal performance factor (SPF) based on the actual COPs that were measured. This SPF is then used to compare and contrast the SAHP against competing or alternative energy technologies used in the same application. The systems are compared using simple annual energy and carbon analysis and a more detailed life cycle energy and carbon assessment is conducted. Conventional methods of estimating the performance of the competing technologies are used for the purposes of comparison.

2.	Methodology and Equipment
Appropriate instrumentation was fitted to the system to measure the transient thermal response. Figure 1 shows the schematic arrangement of the components. Details of the instrumentation components and units of measurement are shown in Table 1 in Appendix 1. The system tested was modified to include the instrumentation required to record measurements. The packaged system included the evaporator panel and water cylinder with built in compressor module. All other components were supplied separately. The test location was in Ipswich in Suffolk, England.

Figure 1. Solar-Assisted Heat Pump Schematic

The system of measurement was a combination of manual measurement and automatic recordings with the data loggers. The system of measurement was not fully integrated as the cost was prohibitive. Two data loggers were used in tandem generating two sets of temperature measurements. This allowed the results to be compared highlighting anomalies which otherwise would not have been identified. The DT500 data logger was programmable and could record a maximum of 30 temperature measurements. However, the other data logger was not programmable and could only record 8 temperature measurements. 

The weather station was a packaged unit designed to measure solar irradiance, wind velocity and direction. The station provided 10 minute average measurements of internal memory.  

During a typical test procedure a volume of water was extracted from the system measured using a bucket and the total volume was recorded. The test then measured the time needed for the cylinder to return to the set point or measured temperature allowing the energy input to be calculated directly. This was then compared to the energy input measured using the electrical kWh meter. The refrigerant flow rate could be recorded periodically by manually reading the rota-meter measurement. This could be related to the data logger clock for the precise time of the measurement. The hot water service return pump was switched off during the experimentation to prevent any additional load on the system. Because the system was integrated, the testing was only conducted out of hours so that no additional water draw off could occur and interfere with the results.    

   Figure 2. Evaporator Panel Drawing
The evaporator panel is a pressed aluminum sheet micro-channel style heat exchanger shown in Figure 2. The panel has a 1.36 m2 face area and is constructed of 1.5mm sheet weighing 6.2 kg. The overall thickness of the sheet is 25mm including the perimeter lip. It can absorb around 1.2 kW of heat in ideal conditions. The micro channels have an irregular hexagon cross sectional shape. The panel has no thermal insulation or glazing as this prevents convective heat gain. The ability of the panel to extract heat from the surroundings via convective heat transfer is what enables the system to operate in zero irradiance conditions (night time) which is one of the primary advantages over traditional solar thermal systems. In the daytime the panel extracts heat from the surroundings via convection and radiation.     

The panel is simple to construct and includes a limited number of components. This makes the panel inexpensive and less likely to fail. It may be advisable to clean the surface of the panel occasionally however it has no moving parts and generally requires no maintenance. The panel is very lightweight and is therefore easy to install. Appropriate fixings are required to fix the panel however it can be fixed to a standard channel solar panel mounting system which are commonly used with solar photovoltaic panels.     






3.	Testing, data collected and Analysis
The testing of the system was highly complex due the variable nature of external conditions. The system conditions were seen to change rapidly and appear unstable at times which could undermine the reliability of the results recorded. To mitigate this a large volume of measurements were recorded and average values used. Results were compared to previous measurements for other conditions so that the overall effect of the different conditions could be seen regardless of if at times some conditions were unstable.    

The evaporating pressure was seen to increase with higher external ambient temperatures and wind speeds overall however large fluctuations in evaporating temperature were recorded for reasonably stable external ambient conditions. Generally the evaporating temperature was below the dew point temperature whilst the system was operating. This causes the evaporator panel to be covered in condensation the majority of the time it is operating. 
	
The condensing pressure was seen to rise with the average cylinder water temperature. After an extraction of water from the system (energy demand) the condensing temperature would stabilise proportional to the volume of water extracted and the subsequent average cylinder water temperature. This relationship is shown in Figure 3.

     Figure 3. Condensing Pressure & Cylinder Temperature 





Figure 4 shows the averaged panel surface temperatures, external ambient temperature and wind velocity for the duration that the data loggers were running for a tapping cycle test. This graph shows large fluctuations in the average surface temperature of the panel. The wind velocity measured could only record 10 minute averages. Because the system was installed in its operational environment external conditions could not be controlled.

The fluctuations in panel surface temperature needed to be explained after the results shown in Figure 4 were obtained. It is clear that a temperature difference has to exist between the evaporator and its surroundings to absorb heat. The temperature difference was seen to be lower in higher wind speeds also it was seen to reduce in periods of lower external ambient temperatures below 10°C. It is obvious that should the evaporating temperature fall below freezing, the panel would over time experience frosting and ice formation. This is undesirable as will substantially affect the efficiency and performance of the system.


Figure 4. Average Panel Temperatures, External Ambient and Wind Velocity

The system tested included a compressor heat recovery coil which is a coil of pipe wrapped around the head of the compressor. This allows the system to recover heat loss from the compressor casing. The compressor heat recovery coil extends the evaporator into the compressor box on top of the cylinder. It is an extension of the evaporator away from the actual evaporator panel itself. This allows the system to operate for a wider range of external ambient temperature conditions because the compressor box is generally internal and therefore has a different environmental temperature difference. The interaction of the heat recovery coil was determined to be cause of the temperature fluctuations seen in figure 4.   

Ice formation on the evaporator will severely limit any solar radiation absorbed and reduce the convective heat transfer coefficient of the evaporator panel. The heat recovery coil is therefore necessary because the range of external operating conditions would be reduced without it, impacting the usability in colder climates. The system has variable thermal capacity (output) and this falls to low levels when the evaporator is frozen. This is the primary reason for inclusion of the heat recovery coil because the system tested had no de-frost function. The heat recovery coil will not prevent the evaporate panel from freezing in sub-zero conditions and this was seen during the testing however this would occur in higher external ambient temperature conditions should the heat recovery coil be removed from the system design. When the external ambient temperatures fall to 5°C and below, freezing was seen to occur however is also affected by wind velocity.                   

The energy consumed for a tapping cycle was seen to reduce with higher external ambient temperatures and wind velocities. The efficiency of the system was seen to be strongly related to wind velocities. The results clearly show that the system is more efficient in high wind velocity conditions. The efficiencies per tapping cycle measured for a range of different external conditions were used in conjunction with modeling techniques to predict that the seasonal performance factor should not be below 2.5 in the test conditions.        

4.	Comparisons with Solar Thermal

A solar assisted heat pump is a relatively untried low carbon technology and is clearly different to solar thermal however it is generally used in the same applications as traditional solar thermal. Therefore a full lifecycle analysis of the carbon impacts of these systems is useful. It should be noted that an SAHP is a low carbon energy technology rather than what might be classed as renewable. Solar thermal systems are generally classed as renewable energy systems because of their low input power requirements.    

Figure 5 shows the simple annual comparison for the various technologies. The simple calculation only considers the cost and carbon impact of the direct energy inputs and outputs of the systems. This comparison is for a small application for an annual heat demand of 2862 kWh. The carbon emissions are calculated from the energy required to run the systems based on likely UK grid carbon factors. 

The energy performance of the different types of solar panels are calculated using the calculation methodology defined in BS EN 15316-4-3:2007 in accordance with Annex 2. This is the European standard for calculation of the energy performance of a solar domestic hot water preheat system (BS EN 15316-4-3:2007, 2007). This calculation method uses monthly average air temperatures, irradiances, ground temperatures, the test data for the solar panel and system energy loads. The calculation method is assumed to be reliable for the purposes of comparison.
    
The per unit energy prices used are based on the national average cost per kWh at the time of writing (DECC, 2014). The costs and carbon emissions of the solar thermal systems assume that the systems are backed up with a gas boiler to meet the annual energy demand. The solar thermal systems are assumed to have one panel only so is likewise with the solar-assisted heat pump. All of the calculations use climate data for Ipswich UK. Some calculation examples are given to show how the values in Figure 5 are calculated.      

The simple annual energy costs and carbon emissions calculated for each system are given in Figure 5 which shows that the solar-assisted heat pump has annual carbon emissions that are almost equal to a solar thermal system with natural gas back up. The carbon emissions are less than both natural gas systems and electrical. The energy costs for the solar-assisted heat pump are very similar to natural gas for the likely efficiency scenario with a SFP of 2.75, and slightly higher costs for the worst case scenario with a SPF of 2.5. These SPF values are the overall annual average values which seem likely in the UK climate based on the testing and modeling conducted.        






(2862kWh / 2.5 SPF) · £0.152 = £174.06 Annual energy cost
(2862kWh / 2.5 SPF) · 0.519 kg CO2 eq =594 kg CO2 eq

Solar Thermal Evacuated Tube Calculation (Values calculated with BS EN 15316-4-3:2007)

(((2862 kWh - 478.6 kWh free energy) / 0.9 gas efficiency) · £0.0486) + (59 kWh Electrical Energy · £0.152) = £137.67 Annual energy cost

(((2862 kWh - 478.6 kWh free energy) / 0.9 gas efficiency) · 0.216 kg CO2 eq) + (59 kWh Electrical Energy · 0.519 kg CO2 eq) = 603 kg CO2 eq

A life cycle analysis would be useful to examine the performance of the solar assisted heat pump against the comparative technologies in the same setting. This will also show the effect of any current government incentives for the various system types. A life cycle analysis of the equivalent emissions of the solar assisted heat pump needs to account for the global warming impact of the refrigerant. To consider this the total equivalent warming impact was used (TEWI). The life cycle analysis does not consider the embodied, installation and decommissioning related equivalent emissions. The life cycle of the systems is assumed to be 15 years. Any analysis of life cycle cost is dependent on market fluctuations and will be highly dependent on actual installation costs which could vary considerably. The assessment of life cycle cost is therefore highly sensitive to fluctuations. There are too many variables in the life cycle cost analysis for consideration herein, hence the figures presented are for comparison only. The TEWI was calculated with equation 1 given below (BS EN 378-1, 2008). The carbon emissions of the other technologies are calculated from the life cycle energy consumption. 

TEWI = n·Eannual·β + GWP·L·n + [GWP·m·(1-α recovery)]
                           
Figure 6. Life Cycle Costs and Equivalent Emissions


Figure 6 shows the range of different life cycle emissions and costs for the various system configurations listed. It should be noted that this assessment is only applicable for the UK market because the life cycle costing is based on UK energy, maintenance, installation and government incentive costs.     

The total equivalent warming impact for the solar-assisted heat pump is higher than the solar thermal systems because it uses electrical energy from the grid which has a high carbon emission factor. In the future if the carbon factor of grid electric is reduced or the system is powered using onsite renewables generation then the TEWI would be lower. The likely efficiency case (SFP 2.75) for the solar-assisted heat pump has carbon emissions that are almost equal to natural gas.     













a1 	1st order heat loss coefficient (W·[m2 ·K]-1)	a2 	2nd order heat loss coefficient (W·[m2 ·K]-1) 
E annual	energy consumption (kWh)			GWP	global warming potential (kgCO2e · kg-1) 
L 	refrigerant leakage (kg) 				m 	refrigerant charge (kg)
n	years of operation				TEWI	total equivalent warming impact (kgCO2e)
α recovery refrigerant recovery factor 			β 	CO2-emission factor (kg·kWh-1)  
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T7				Evaporator panel temperature front of panel	
T8				External ambient temperature	
T9, T10, T11, T12, T13, T14, T15, T16 				Evaporator panel temperature front of panel	DT500
T17				Evaporator panel temperature rear of panel	
T18	Temperature Sensors			Cylinder Temperature 	TB200E Display (Manual)
T20, T22	Thermo-couples			Evaporator panel inlet pipe 	DT500
T21, T23				Evaporator panel outlet pipe	
WS	Weather station 	Heat Flux, Velocity, Direction	W⋅m-2, m⋅s-1, degrees	Roof	SD Card Recorder
R1	Rotameter	Flow Rate	kg⋅s-1	Condenser outlet, liquid line to TEV	Manual
R2			L⋅min-1	Cold water inlet	








Solar Panel Efficiency Data (Used in Figure 5 and 6)
Evacuated Tube - ƞ0 = 0.792, a1 =1.62, a2 =0.0021
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